Multilayer materials have demonstrated to provide an efficient mechanism for toughening by deflection of a propagating crack by weak interlayers. Therefore, the aim of this work is to study the colloidal processing of 8 mol% yttria stabilized zirconia (8YSZ) based laminates by intercalating thin layers of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 graphene enriched with 8YSZ, and to evaluate the advantages of such multilayered structure in the propagation of cracks induced by indentation.
3 Mn oxide)-YSZ and LSCF (La, Sr, Co, Fe oxide) are the most frequently used as cathode materials [8] [9] [10] . The most important designs for SOFCs include tubular and planar configurations [11, 12] . Among them, the anode-supported planar configuration is probably the most extensively used. Planar cells are fabricated by considering the different layers (electrode and electrolytes) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 Another route for reinforcing the properties of ceramics that is receiving increased interest is the use of composites containing carbon nanodispersoids such as carbon nanotubes (CNTs), carbon nanofibers (CNFs) or graphene. The incorporation of such carbonaceous derivatives have demonstrated to improve the electrical and dielectric properties of the composites after reduction to reduced graphene during the thermal treatment under vacuum, hot pressing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 found that the hardness decreased with the introduction of GPLs as a minor phase.
An effective way for enhancing the properties of ceramic-based composites is to produce laminates with tailored distribution and thickness of the layers. Multilayer materials have demonstrated to provide an efficient mechanism for toughening by either the deflection of a propagating crack by weak interlayers or by designing strongly joined interfaces where an alternate tensile-compressive residual stress state may arise during cooling from sintering. A broad body of work has been published concerning the processing, sintering, and mechanical performance of zirconia-toughened laminates focusing the key role of the residual stresses on the fracture behavior [32] [33] [34] [35] [36] .
Colloidal processing allows to obtain uniform dispersion of different phases with high reliability and through simple processing methods [37, 38] . In particular, great effort is being developed in order to obtain uniform microstructures with a good dispersion of the nanodispersoids by controlling the colloidal and rheological behavior of the mixtures [39, 40] . In previous works, the preparation of Al 2 O 3 -3YTZP-graphene multilayer materials combining tape casting and fast spark plasma sintering technique with good cohesion between layers and high hardness and Young's modulus values has been reported [41] [42] [43] .
However, the processing, sintering and mechanical properties of fully stabilized zirconia (8YSZ) reinforced with carbon derivatives have not been studied in detail. In this case the preparation of laminates containing GO could be an attractive route to introduce weak interfaces capable to reduce the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 residual stresses and to improve the mechanical resistance of the stack in the cells. The aim of this work is to study the colloidal processing of 8YSZ-based laminates by intercalating thin layers of GO-enriched with 8YSZ, and to evaluate the advantages of such multilayered structure in the propagation of cracks induced by indentation. The substrates to be coated were prepared by tape casting using an 8YSZ aqueous suspension prepared to a solids loading of 45 vol% (83 wt%).
Experimental Procedure
The suspension was prepared by mechanical mixing of the ceramic powders in deionized water containing an ammonium salt of poly(acrylic acid), PAA (Duramax D3005, Rohm & Haas, USA) available as a 35 wt% aqueous solution.
This deflocculant was added in a concentration of 0.5 wt% in relation to the zirconia powder to provide electrosteric stabilization.
To achieve an optimal dispersion state, different sonication times were applied for periods of 1 min using an ultrasounds probe (UP400S, Dr. Hielscher
GmbH, Germany). The suspensions were prepared in a beaker cooled in an ice-water bath to avoid excessive heating during sonication. The rheological 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 rotational rheometer (MARS, Thermo-Haake, Germany) using a doublecone/plate geometry as the measuring system. Flow curves were performed by changing shear rate between 0 and 1000 s The so-prepared mixtures were kept under mechanical stirring for 20 min to achieve homogenization before the rheological characterization and casting.
Tape casting was conducted onto a Mylar film using a single blade geometry casting head; the blade height was set at 200 µm with a casting speed of 50 mm·s -1 . The tapes were dried 24 h at room temperature without airflow, and then the green tapes were cut, removed from the support and subjected to eye inspection. A tape was considered satisfactory if it was flawless (i.e., free from holes, cracks and other defects), easily removable from 8 green densities were calculated by a geometric method punching discs of 2 cm in diameter and measuring their thickness with a digital touch-probe.
The aqueous slurries used for the preparation of the coatings by dipping were prepared to a solids content of 10 wt% with a volume ratio of 8YSZ to GO of 30/70. The mixtures were prepared by dispersing first GO in water adding 1 wt% (with regard to the GO content) of PAA as dispersant, then 2 min of sonication were applied for consecutive periods of 1 min and further stirring.
Later, the PAA deflocculant required to stabilize the zirconia was added to a concentration of 0.5 wt% (with regard to dry zirconia) prior to the addition of the zirconia powders. Suspensions maintained under mechanical agitation for 15 min were then used for rheological characterization following the same protocol as before. The mass per unit area was calculated by direct weighing and measurement of the deposited area after drying, considering linear edges (trapezoid or square when it applies). The wet edge at the bottom was dried with paper just after dipping. This is a rough measurement and the error is large, but this is a systematic error that would not determine the trend in the experimental series of tests. The thickness usually increases with withdrawal rate for sol-gel solutions but in the case of suspensions thicknesses are much larger and the behavior depends on other parameters, like solids loading, viscosity, particles rearrangement and the possible filtration along the deposited layer as it is a porous medium.
The preparation of the multilaminates was performed according to the flow chart shown in Figure 1 . Firstly, coatings were prepared using green 8YSZ tapes of 2.5 x 3 cm 2 as substrates for dipping into the GO/8YSZ suspension using withdrawal rates ranging from 3 to 30 mm·s 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 120, 180, and 300 s (0, 1, 2, 3, and 5 min). As-prepared coatings were left to dry at room conditions for 24 h before weighing. Two types of laminates were prepared consisting of 3 and 5 layers alternating coated tapes with uncoated ones. These configurations were selected to provide the minimum thickness required for a successful sintering by SPS, and a symmetric structure was designed to avoid possible distortion of the compact as a consequence of thermal mismatch. Another possibility would be to increase significantly the thickness of the layers but this probably would not provide the same reinforcing effect as the cracks would have more distance to propagate. To achieve the correct joining of the green tapes, the uncoated ones were immersed in water and dried slightly, so the deposited water serves as bonding agent between the tapes avoiding the cracking of the dipping layer that occurs when too much water is at the surface or it is not uniformly distributed. A small pressure was applied and discs of 2 cm in diameter were punched to obtain the stacks. Finally to obtain the sintered material, four stacks of the five tapes conformation and five of the three-tape conformation were introduced into a 20-mm-diameter graphite die.
The stacks were sintered using a Spark Plasma Sintering device, SPS HP D25/1 (FCT Systeme GmbH, Rauenstein, Germany) at a temperature of 1400 ºC and 80 MPa of pressure to obtain fully sintered bulk materials. The tests were carried out under vacuum at a heating rate of 100 ºC·min -1 with a 3 min dwelling time at the maximum temperature.
Densification of the sintered samples was evaluated in terms of relative density and has been determined by Archimedes' method, following ASTM-C- Sintered samples were fractured on their cross-section and were polished to 0,25 m using SiC paper and diamond suspension. Resulting layers were observed with an optical microscope Nikon LV-100 under bright field illumination. The fracture surface was analysed by using a field emission gun scanning electron microscope (FE-SEM, HITACHI S-4800, SCSIE of the University of Valencia).
Results and discussion
The zeta potential behaviour of the commercial 8YSZ powder employed in this work has been studied in previous work [44] , the isoelectric point being reported to occur at pH 5.2. In that work it was demonstrated that the addition of a polyelectrolyte shifted down the isoelectric point. Hence, the concentrated 8YSZ suspensions used in this work were prepared in water with the addition of 0.5 wt% of PAA in relation of the zirconia powders to a solids loading of 45 vol% (83 wt%) and homogenized with an ultrasounds probe. To optimize the rheological behavior the effect of sonication time was studied by applying consecutive treatments of 1 min and measuring the rheological behavior after 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
being K and n are constants referred to as consistency factor and flow index, respectively. The data obtained after fitting to that model are shown in Table 1 .
The calculated values of thixotropy are also given in the table, as well as the viscosities at two representative shear rates, such as 100 s -1 and 500 s Table 1 , it can be observed that the suspension prepared just by mechanical agitation (before sonication) presents a broad thixotropic cycle and a small yield stress that indicate that the particles are not well dispersed. When sonication is applied to the suspension the thixotropic cycle becomes smaller and the viscosity decreases, also. It is also worthy to note that fitting was excellent in all cases with regression indexes as high as 0.9992-0.9999. Thereby the optimum dispersion was obtained after the application of 5 min of sonication, which led to very low viscosity, slightly shear thinning behavior, desired for most ceramic processing operations, and very small thixotropy. This suspension has also the lowest yield stress. The application of further sonication leads to a loss of stability of the suspension increasing both the viscosity and the thixotropy. Hence, the suspension used for tape casting was prepared after applying 5 min of sonication in consecutive   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 periods of 1 min separated by 10 min of low speed mixing with helices, and the addition of the suitable additives.
Once the dispersing conditions were optimized the effect of binder addition of the casting suspension on the rheology was studied. Figure 2b shows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 an adequate immersion and a proper adherence with the tape cast green substrate. Figure 3 shows the rheological behavior of the dipping layer suspension as prepared and after the application of sonication for 1 min.
Although sonication tends to slightly increase the viscosity it was applied to achieve a good dispersion of the powders and to assure its stability during the preparation of the coatings. The rheological parameters after fitting to the Herschley-Bulkley model, and thixotropy and viscosities are also shown in Table 1 .
Dipping tests were performed by at constant withdrawal rates between 3 and 30 mm·s suspension is plotted in Figure 4 , which shows that the deposited mass does not have a clear dependence with the withdrawal rate, but the coating homogeneity is lower when it is deposited at a low speed, so that a withdrawal rate of 4 mm·s -1 was chosen as optimum for further experiments.
Since dipping is performed using suspensions and green tapes with a high porosity it can be expected that some filtration of the suspension by the porosity channels of the tape could take place, and hence the soaking time can have a direct influence on the deposited mass, as reported elsewhere [45] . . It is observed that in this case the coating thickness increases with the soaking time until a limit is achieved for times longer than 180 s.
Considering that all substrates have a similar green density, the larger thickness obtained for larger soaking times suggests that there exists a time depending 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 interaction between the slurry and the substrate, because no filtration takes place with saturated wet substrates. The deposits appear very homogeneous and considering the mass per unit area evolution, those obtained after 5 min soaking time were selected as this time assured that the maximum growth is reached.
Coated and uncoated tapes were laminated together to produce the multilayer samples as explained in the experimental section and sintered by SPS under the described conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   15 eliminated. These curves demonstrate that the density along the cross-section of the sample is constant and the mechanical properties remain constant inside the entire sample, without any differences at the various layers comprising the laminate.
The microstructure of the fracture surfaces of the different layers (8YSZ and GO/8YSZ) in the laminate can be observed in Figure 8 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 ceramic layer but in the cross-sectional direction, the presence of the GO-rich layers causes the crack arrest without deflection or bifurcation. Therefore, it is found that the GO-rich layers of laminate reduce the probabilities of crack generation and propagation, whereas increase the reinforcing or toughening in the laminate. It has been possible to observe that in fact this GO-rich layer introduces weak interfaces capable to reduce the residual stresses and improve the mechanical resistance of the material. The residual stresses developed in a laminate depend on the properties of the constituent layers, the structure of the laminate, the processing methods and the characteristics of the interfaces.
Layers with lower CTE or expansive phase transformations or reactions will develop compressive stresses while the adjacent layers will develop tensile stresses [46] .
The layered ceramic is considered to be in a stress-free state at the sintering temperature due to the relief of stress by mass transport mechanisms.
During cooling from sintering, if the layers are not strongly joined the material will delaminate and each layer will shrink freely to a determined length. On the contrary, if the layers are strongly joined constraint of each layer by its surrounding will result in the generation of residual stresses within the laminate.
In this work, the use of sintering by SPS, where the heating and cooling is very fast, and with an applied pressure of 80 MPa, the layers are strongly joined and therefore the generation of residual stresses occur within the laminate.
The study of the compressive or tensile stresses within the laminate is very complicated and labor-intensive and therefore at the moment it is out of the scope of this work, which emphasizes processing. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 Some authors have demonstrated improved mechanical properties in the case of ZrO 2 /CNTs composites compared with the monolithic materials [23, 47] .
However, their mechanical properties such as fracture toughness are still not good enough to meet the requirements of certain high performance parts [48] .
The most critical problem causing the deleterious effects on mechanical
properties after the addition of CNTs or CNFs is the dispersion of this carbon source in the matrix because of the tendency to aggregate into bundles and therefore disperse poorly in the ceramic matrix. Non-uniform dispersion of CNTs or CNFs will result in large defects, poor densification and thus poor load transfer.
As we explained earlier, in the case of GO-YSZ or GPLs-ZTA composites [30, 31] , the incorporation of graphene into ceramic matrix led to improvement in the fracture toughness but the hardness decreases. In this work for the first time, the effect to the GO-rich layers on the propagating crack in the ceramic laminate is controllable and, therefore, this issue opens the possibilities to design laminate materials with a small grain size, high hardness and high fracture toughness with a tailored distribution and thickness of the layers.
Conclusions
In the present work, the preparation and characterization of fully dense 8YSZ laminates alternating layers with or without graphene fabricated by colloidal processing and subsequent spark plasma sintering is reported. 8YSZ
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